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Abstract: The Twin Higgs scenario stabilizes the Higgs mass through an approximate
global symmetry and has remained natural in the face of increasingly stringent LHC bounds
on colored top partners. Two basic structural questions in this framework concern the
nature of the twin hypercharge gauge symmetry and the origin of the Z2 symmetry breaking
needed to achieve the correct vacuum alignment. Both questions are addressed in a simple
extension of the Mirror Twin Higgs model with an exact Z2 symmetry and a scalar field
that spontaneously breaks both twin hypercharge and Z2. Due to the Z2 symmetry and
an approximate U(2) symmetry in the potential, a new hypercharge scalar appears in the
visible sector and, like the Higgs, is a pseudo-Nambu-Goldstone boson with a weak-scale
mass. Couplings between the hypercharge scalar and matter provide a new dynamical
source of twin sector fermion masses. Depending on the nature and size of these couplings,
a variety of experimental signatures may arise, including quark and lepton flavor violation,
neutrino masses and mixings as well as direct collider probes of the hypercharged scalar.
These signals are correlated with the twin matter spectrum, which can differ dramatically
from the visible one, including dynamical realizations of fraternal-like scenarios.
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1 Introduction
The Twin Higgs [1] and other constructions featuring color-neutral top partners [2–12]
offer innovative symmetry-based approaches to the Higgs naturalness problem. The orig-
inal mirror Twin Higgs (MTH) model posits an exact copy of the Standard Model (SM),
related to our sector by a Z2 exchange symmetry. Given a suitable scalar potential with
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an approximate SU(4) global symmetry, the physical Higgs boson is understood to be a
pseudo-Nambu-Goldstone boson (pNGB). Thus, its mass is protected by the mirror sector
top- and gauge-partners up to cutoff scales of order 5 TeV. While the Z2 symmetry protects
the Higgs mass, it also predicts significant reduction in the Higgs couplings to SM particles,
in tension with observation. Typically, the exchange symmetry is softly broken, which at
the same time raises the masses of the twin particles and makes the Higgs couplings to
visible fields more SM-like.
This basic low energy set-up has been modified in several ways ways [13–23] and admits
various UV completions [24–32]. Recent work has focused on collider signals at the LHC
and future machines [33–41], as well as cosmological analyses [18, 42–49] including several
dark matter candidates [50–56].
Phenomenologically viable twin Higgs constructions must confront the nature of the
twin hypercharge gauge symmetry. If twin hypercharge is unbroken a massless twin photon
is present in the spectrum. In this case one must demand that the kinetic mixing between
the visible and twin hypercharge vectors is extremely small to evade strong bounds on
millicharged particles [57, 58]. While such small mixing, on the order of 10−9, is technically
natural in the low energy effective field theory (it is not generated until at least 4-loop
order [1]), UV completions often lead to much larger mixing.
The twin photon also plays an important role in cosmology. On the one hand, heavy
mirror particles can annihilate or decay into twin photons, depleting their energy density
so that they do not overclose the universe. In the standard thermal history, however, the
twin photons, and twin neutrinos, typically provide too large of a contribution to dark
radiation. These cosmological issues are addressed most simply by changing the twin
particle spectrum [13, 16, 18]. From the standpoint of Higgs naturalness, a mirror twin top
quark is essential, but other twin particles can be much heavier than their SM counterparts
or absent entirely. Neither is gauging twin hypercharge required to protect the Higgs mass.
These hard Z2 breaking constructions are successful in making the twin Higgs consistent
with cosmological measurements, but such breaking is not required. For example, a MTH
model incorporating asymmetric heating of the SM and twin sectors achieves the same
success [44].
The Z2 symmetry is crucial to the twin Higgs’ cancellation of one-loop divergences.
At the same time, a soft-breaking of the discrete symmetry is essential for successful twin
Higgs phenomenology. While mechanisms for spontaneously generating Z2 breaking in the
Higgs sector have been explored [14, 17, 59–61], it is appealing to have a dynamical origin
of Z2 breaking in both the Higgs potential and the twin spectrum. In this work we extend
the exactly Z2 symmetric MTH by a hypercharged scalar and its twin. As we show in
Sec. 2, this scalar can get a vacuum expectation value (VEV) that spontaneously breaks
only the twin hypercharge and the discrete Z2. The latter breaking provides all that is
needed to appropriately align the Higgs vacuum. We assume that the hypercharge scalar
potential exhibits an approximate global U(2) symmetry, allowing the visible hypercharge
scalar to be naturally lighter than the cutoff of theory.
Beyond the scalar sector, couplings between the hypercharge scalars and fermions are
interesting for at least two reasons. First, such couplings allow the visible charged scalar
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to decay rapidly, alleviating any potential constraints from charged relics [62–64]. Second,
the twin sector couplings provide new fermion masses and can affect twin QCD running
when the twin scalar gets a VEV. Thus, a dynamical realization of a modified, fraternal-
twin [13] like, spectrum is produced. What is more, these new couplings often lead to
signals in a diverse array of experiments. For instance, indirect probes of the scalar, such
as the flavor and neutrino related signals discussed in Sec. 4, provide interesting constraints
on the possible twin particle spectra. Of course, these couplings and the twin spectrum
also affect potential collider signals of the charged scaler. In Sec. 5 we discuss how the
LHC and future colliders can search for this new scalar. Future research directions and a
summary are given in Sec. 6.
2 Hypercharge scalar dynamics
The mirror Twin Higgs model postulates an exact copy of the SM gauge symmetries and
field content. Our visible sector is conventionally labeled “A” while the twin sector is
labeled “B”. A Z2 symmetry that interchanges A and B fields enforces the equality of
gauge and Yukawa couplings in the two sectors and is essential to the Higgs mass protection
mechanism. We add to this setup new scalar fields, ΦA and ΦB, that are respectively
charged under SM and twin hypercharge. A suitable scalar potential causes ΦB to condense,
spontaneously breaking twin hypercharge and giving a mass to the twin photon.
As is well-known, the mirror symmetric twin Higgs vacuum is in tension with Higgs
coupling measurements [33]. It is therefore necessary to introduce a small breaking of the
Z2 symmetry to achieve a phenomenologically viable vacuum alignment. This is typically
done by hand through soft or hard explicit Z2 breaking interactions, but it is appealing
to find a dynamical origin of this Z2 breaking, which has been explored in [14, 17, 59–61].
The efficiency of our simple construction is that the ΦB VEV provides an automatic source
of spontaneous Z2 breaking, which is sufficient to align the vacuum in the desired way.
2.1 Warm-up: U(2) scalar potential analysis
To understand the vacuum structure it is instructive to first investigate the potential for
the hypercharge scalar fields in isolation. In complete analogy with the electroweak Higgs
fields, we may group ΦA and ΦB into a complex scalar doublet, Φ
T = (ΦA,ΦB). The most
general Z2 symmetric scalar potential can be written as
VΦ = −µ2 |Φ|2 + λ |Φ|4 + δ
(
|ΦA|4 + |ΦB|4
)
, (2.1)
and is approximately U(2) symmetric when δ  λ. As shown in [2], the vacuum structure
of the theory depends on the sign of δ. If δ > 0, the VEVs in each sector are equal, which
we discard since this breaks electromagnetism in our sector. On the other hand, if δ < 0,
the scalar potential has two global minima, with the VEV residing entirely in one sector
or the other. Consequently, the phenomenologically viable spontaneous breaking of twin
hypercharge also breaks the Z2 symmetry spontaneously. The desired vacuum is described
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by
〈ΦA〉 = 0, 〈ΦB〉 ≡ fΦ =
√
µ2
2 (λ+ δ)
. (2.2)
To understand the fluctuations around this vacuum, we define ΦA = φA and ΦB = fΦ +
ϕB/
√
2 + iηB/
√
2 where ϕB and ηB are real scalar fields. Inserting this back into the
potential in Eq. (2.1) we find the masses of φA, ϕB and ηB are respectively given by
m2φ = −2δf2Φ, m2ϕ = 4f2Φ(λ+ δ), m2η = 0. (2.3)
In the limit δ  λ, the symmetry breaking pattern is U(2)→ U(1), yielding three Nambu-
Goldstone bosons (a complex φA and real ηB). The field φA can thus be viewed as a pNGB
with mass controlled by the symmetry breaking quartic δ. The ηB field is an exact NGB
and is eaten by the twin hypercharge gauge boson, which obtains the mass
mBµ =
√
2Y g′fΦ, (2.4)
where g′ and Y are U(1)Y gauge coupling and hypercharge of the scalar fields respectively.
As mentioned above, due to the exact Z2 symmetry there is another vacuum with
equal depth where the VEV is completely in the A sector. This raises the issue of the
well-known domain wall problem that arises in theories with spontaneous discrete sym-
metry breaking [65]. As the universe cools below the critical temperature associated with
spontaneous Z2 symmetry breaking, the scalar field is expected to take on different values
in regions separated by distances larger than the horizon size at that epoch. This leads to
domains with different vacua connected by domain walls, which can come to dominate the
energy density of the universe at an early time, in gross conflict with the successful ΛCDM
cosmology.
Whether or not domain walls form depends on the nature of the inflationary epoch
preceding the radiation dominated phase of the universe. If both the Hubble scale during
inflation and the maximum temperature following inflation are smaller than mass parameter
µ in the potential (2.1), then domain walls will not be cosmologically produced. Even if
the scale of inflation is higher, or the universe is reheated to temperatures above µ, it is
still possible to evade the domain wall problem if there is a very small Z2 breaking term
in the scalar potential. To illustrate, consider the following term:
V/Z2 = m
2
(
|ΦA|2 − |ΦB|2
)
, (2.5)
where m2  µ2. This term explicitly breaks the Z2 symmetry such that the true vacuum
is that which breaks twin hypercharge and not SM hypercharge. As shown in Ref. [66] the
domains of false vacuum will disappear before the cosmological expansion is modified as
long as the difference between the two ground states ∆V satisfies
∆V & σ
2
M2Pl
∼ λf
6
Φ
M2Pl
, (2.6)
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where σ ∼ √λf3Φ is the surface energy density of the domain wall and MPl ≈ 1.22 × 1019
GeV is the Planck mass. For the simple potential (2.5), we find ∆V ' 2m2f2Φ, leading to
the condition
m2 & λf
4
Φ
M2Pl
. (2.7)
For λ ∼ 1 and fΦ ∼ TeV this implies m & 0.1 meV. Such a small explicit Z2 breaking term
will not affect our phenomenological considerations below and will be neglected in what
follows.
2.2 U(4)× U(2) scalar potential analysis
We now consider the vacuum alignment and the spontaneous Z2 breaking while including
the Higgs fields. The most general Z2 preserving potential for the Higgs HT = (HA, HB)
and hypercharge scalars ΦT = (ΦA,ΦB) can be written as
V = −M2H |H|2 + λH |H|4 −M2Φ |Φ|2 + λΦ |Φ|4 + λHΦ |H|2 |Φ|2 (2.8)
+ δH
(
|HA|4 + |HB|4
)
+ δΦ
(
|ΦA|4 + |ΦB|4
)
+ δHΦ
(
|HA|2 − |HB|2
)(
|ΦA|2 − |ΦB|2
)
.
The terms in the first line of Eq. (2.8) preserve the U(4)× U(2) symmetry, while those in
the second line break this symmetry while preserving Z2. To keep the Higgs light through
the twin protection mechanism, we require the symmetry breaking quartics δH and δHΦ
to be small compared to the symmetry preserving ones. There is no strict requirement
on the maximum size of δΦ since this interaction only involves the hypercharge scalars.
Nevertheless, we will also assume that δΦ is small, since in this case there is a naturally light
pNGB hypercharge scalar in our sector, with mass stabilized by the same twin protection
mechanism used for the Higgs.
As mentioned in the previous subsection, taking δH > 0 favors symmetric VEVs for
HA and HB. When δΦ < 0, the ΦB gets a VEV, but not ΦA, which spontaneously breaks
the Z2 symmetry. Then, the δHΦ term generates an effective Z2 breaking mass term for
the Higgs fields, producing the desired vacuum alignment 〈HA〉 < 〈HB〉.
With these assumptions, it is convenient study the potential by using a nonlinear pa-
rameterization for the scalar fields, including only the pNGBs in the low energy description.
We take
H = eiΠH/fHH0, Φ = e
iΠΦ/fΦΦ0, (2.9)
where HT0 = (0, 0, 0, fH) and Φ
T
0 = (0, fΦ). The Goldstone boson matrices can be written
as
ΠH =

0 0 0 −ih1
0 0 0 −ih2
0 0 0 0
ih1 ih2 0 0
 , ΠΦ =
(
0 −iφA
iφ∗A 0
)
. (2.10)
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In unitary gauge, h1 = 0, h2 = (vH + h)/
√
2, we can the write fields (see e.g., [33]):
HA =
 0
fH sin
(
vH + h√
2fH
) , HB =
 0
fH cos
(
vH + h√
2fH
) ,
ΦA = fΦ
φA√|φA|2 sin
(√|φA|2
fΦ
)
, ΦB = fΦ cos
(√|φA|2
fΦ
)
. (2.11)
Inserting Eq. (2.11) back into Eq. (2.8) and dropping constant terms, we obtain the po-
tential for the pNGBs,
V = − δHf
4
H
2
sin2
[√
2(vH + h)
fH
]
− δΦf
4
Φ
2
sin2
[
2
√|φA|2
fΦ
]
+ δHΦf
2
Hf
2
Φ cos
[√
2(vH + h)
fH
]
cos
(
2
√|φA|2
fΦ
)
. (2.12)
Minimizing the potential, we find an extremum satisfying 〈φA〉 = 0, vH 6= 0, defined by
the relation
f2Φ δHΦ + f
2
H δH cos(2ϑ) = 0, (2.13)
where we have defined the vacuum angle ϑ ≡ vH/(
√
2fH). Expanding around the vacuum
and applying the condition in Eq. (2.13), the masses of the physical fluctuations h and φA
are
m2h = 2 δH f
2
H sin
2(2ϑH), (2.14)
m2φ = 2 f
2
Φ
(
−δΦ + δ
2
HΦ
δH
)
. (2.15)
Equation (2.14) makes clear that we need δH > 0 so that m
2
h is positive. Combining this
condition with Eq. (2.13), we find that we must also demand δHΦ < 0. Finally, for given
values of δH , δHΦ satisfying these conditions, δΦ must be chosen such that m
2
φ in Eq. (2.15)
is positive. With these conditions satisfied, the extremum in Eq. (2.13) is guaranteed to
be a local minimum of the scalar potential.
By examining the weak gauge boson masses, it is natural to define
vA ≡ fH
√
2 sinϑ, vB ≡ fH
√
2 cosϑ, (2.16)
where vA = vEW = 246 GeV is the electroweak VEV. Using Eqs. (2.13)–(2.15) we can trade
the parameters fH , δH , δΦ, δHΦ for vA, ϑ, mh, and mφ. In particular, the quartic couplings
may be written as
δH =
m2h
4 v2A cos
2 ϑ
,
δHΦ = −m
2
h
f2Φ
cos 2ϑ
2 sin2 2ϑ
,
δΦ = −
m2φ
2f2Φ
+
v2Am
2
h
f4Φ
cos2 ϑ cos2 2ϑ
sin4 2ϑ
. (2.17)
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To obtain a rough picture of the allowed and natural values of the twin hypercharge
VEV fΦ and the mass of the visible hypercharged scalar mφ, we combine Eqs. (2.14)
and (2.15) with some reasonable restrictions on the range of the U(4) × U(2) symmetry
breaking couplings δΦ and δHΦ. Since these quartics are radiatively generated at one
loop via hypercharge interactions, we expect their magnitudes are not smaller than about
g′4/16pi2 ∼ 10−4. As argued above, they should also be small compared to the symmetry
preserving quartics, the λ parameters in Eq. (2.8). We thus consider |δΦ,HΦ| . 1 for
strongly coupled UV completions, corresponding to symmetry preserving quartics of order
4pi. Imposing these constraints, one can show that both mφ and fΦ may take values between
about 100 GeV and 10 TeV. The lower bound on mφ is imposed by the rough kinematic
reach of LEP on charged particles.
The nonlinear effective field theory (EFT) description given in Eqs. (2.9)–(2.12) is
valid for small field values of the NGBs. Still, under the parameter restrictions outlined
above, it can be shown that there are no other local minima nearby. Globally, the full
potential in Eq. (2.8) has another equally deep minimum, which can be obtained by a Z2
transformation. As in the previous section, our electroweak vacuum can be rendered the
true global minimum of the potential by introducing a small source of explicit Z2 breaking.
However, we neglect these small corrections in what follows.
3 Scalar couplings to matter
The extended scalar sector introduced in Sec. 2.2 can both generate a mass for the twin
hypercharge gauge boson and spontaneously break Z2 to achieve the desired Higgs vac-
uum alignment. Moving beyond the dynamics of the scalar potential, there are strong
motivations for the new scalars to couple to matter. First, without such couplings the
hypercharge scalar φA is stable and is thus subject to the stringent bounds on cosmologi-
cally stable electrically charged particles [64]. Introducing appropriate couplings of φA to
matter causes it to decay rapidly. Second, the spontaneous breaking of mirror hypercharge
due to the ΦB VEV provides a new dynamical source of mass for the mirror fermions.
Depending on the size of these couplings, the twin matter spectrum can be significantly
distorted from the mirror symmetric model. This can have important consequences on
both the phenomenology and cosmology of the model.
Furthermore, it is worth emphasizing that as a consequence of the Z2 symmetry there
are correlations between new mass terms in the twin sector and observables in the visible
sector. The latter include, for example, precision measurements (see Sec. 4) as well as col-
lider signatures of the hypercharge scalar (see Sec. 5). While the prospect of experimentally
establishing this connection appears challenging at present, it does offer the possibility, at
least in principle, of directly testing the mechanism of spontaneous twin hypercharge and
Z2 breaking in this scenario.
3.1 Decay of φA
We first discuss interactions that lead to decays of φA, focusing on the simplest case of
decays to two fermions in the visible sector. Using left chirality Weyl spinors, the SM
– 7 –
fermions are denoted as LTA = (νA, `A),
¯`
A, Q
T
A = (uA, dA), u¯A, and d¯A. Given the SM
field content, it is easy to see that there are only two possibilities for the hypercharge of
the scalar field that allow such decays, namely Y = 1 or Y = 2.
When Y = 1 the hypercharge scalar (denoted Φ+A) has unit electric charge and can
couple to the fermion bilinears ν`, ν ¯`, ud¯, du¯ through the interactions
−LY=1 ⊃ 1
2
λΦ+A LA LA +
Y`
Λ
Φ−A LAHA ¯`A +
Yu
Λ
Φ+AQAH
†
A u¯A +
Yd
Λ
Φ−AQAHA d¯A + h.c.
⊃ λφ+A νA `A +
Y` vA√
2Λ
φ−A νA ¯`A +
Yu vA√
2Λ
φ+A dA u¯A +
Yd vA√
2Λ
φ−A uA d¯A + h.c., (3.1)
where Φ−A ≡ (Φ+A)∗ and we have used Eq. (2.11) in the second step. In this section we
suppress all flavor and gauge indices. The Y = 2 hypercharge scalar (denoted Φ++A )
has two units of electric charge and can decay to pairs of same-sign leptons through the
interactions
−LY=2 ⊃ λ′Φ−−A ¯`A ¯`A +
ξ
Λ2
Φ++A (LAH
†
A)(LAH
†
A) + h.c.
⊃ λ′ φ−−A ¯`A ¯`A +
ξ v2A
2Λ2
φ++A `A`A + h.c. (3.2)
While some of the interactions in Eqs. (3.1) and (3.2) spring from higher dimension op-
erators, it is plausible that the UV scale Λ is relatively low (perhaps as low as the cutoff
of the Higgs sector, Λ ∼ 5 TeV) such that they mediate speedy decays. This leads to a
variety of possible φA collider signals, which we explore in Sec. 5.
There are other possibilities for the decays of the hypercharge scalar which we briefly
mention, but do not explore in detail. One option is that φA decays to pairs of bosons.
For instance, in the case of Y = 1, φA can mix with the W
µ
A, which in turn allows for the
decays φA →WZ,Wγ,Wh. While we do not include this mixing explicitly, it is generated
though fermion loops involving Y`, Yd, or Yu. Another possibility is that φA could decay to
four fermions. This allows φA hypercharges other Y = 1, Y = 2, and the leading operators
would appear at dimension seven. While these interactions may evade charged relic bounds
and perhaps lead to displaced signals at colliders, they do not generate masses for the twin
fermions.
There can also be Z2 symmetric interactions that couple A and B sector fields. For
example, in the Y = 1 scenario there is a dimension five operator that connects the sectors
cAB
Λ
Φ−A ¯`A Φ
−
B
¯`
B + h.c. ⊃ cABfΦ
Λ
φ−A ¯`A ¯`B + h.c. . (3.3)
If the ΦB VEV is not too much smaller than Λ this can mediate appreciable φ
+
A → ¯`A ¯`B
decays. The same interaction can allow twin states to decay to the visible sector through
an off-shell φA into visible states, specifically two charged leptons and a neutrino, if kine-
matically allowed. Such a decay may be cosmologically important, depleting twin leptons,
and would be directly tied to a visible collider signal.
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3.2 Dynamical twin fermion mass
Next, we investigate the twin fermion masses generated by ΦB. To begin, there are the
usual mass terms that arise solely from twin electroweak symmetry breaking,
−L ⊃ y`LBH†B ¯`B + yuQBHBu¯B + ydQBH†B d¯B +
cν
Λν
(LBHB)(LBHB) + h.c.
⊃ y` vB√
2
`B ¯`B +
yu vB√
2
uBu¯B +
yd vB√
2
dB d¯B +
cν v
2
B
2Λν
νBνB + h.c. (3.4)
Due to the exact Z2 the Yukawa couplings and the coefficient of the Weinberg operator in
each sector are identical.1 These terms then contribute the usual masses which are related
to those in the SM by factors of vB/vA = cotϑ.
When ΦB gets a VEV new possibilities arise in our model for dynamical fermion mass
generation in the twin sector. First, consider the terms in Eq. (3.1) or Eq. (3.2). If these
interactions are present, the Z2 symmetry implies a corresponding set of terms in the twin
sector. In a model with Y = 1, we then have
−LY=1 ⊃ 1
2
λΦ+B LB LB +
Y`
Λ
Φ−B LBHB ¯`B +
Yu
Λ
Φ+B QBH
†
B u¯B +
Yd
Λ
Φ−B QBHB d¯B + h.c.
⊃ λ fΦ νB `B + Y` vBfΦ√
2Λ
νB ¯`B +
Yu vBfΦ√
2Λ
dB u¯B +
Yd vBfΦ√
2Λ
uB d¯B + h.c. , (3.5)
while in a model with Y = 2 we have
−LY=2 ⊃ λ′Φ−−B ¯`B ¯`B +
ξ
Λ2
Φ++B (LBH
†
B)(LBH
†
B) + h.c.
⊃ λ′ fΦ ¯`B ¯`B + ξ v
2
B fΦ
2Λ2
`B`B + h.c. . (3.6)
Interestingly, the new mass terms in Eq. (3.5) marry twin neutrinos with twin charged
leptons and twin up quarks with twin down quarks. This is possible because twin elec-
tromagnetism is broken by the vacuum. Similarly, the new terms in Eq. (3.6) generate
Majorana mass terms for the twin charged leptons.
We see from Eqs. (3.5) and (3.6) that the new twin fermion mass terms are generated
from dimension four, five, and six operators with sizes
m4 = λ
(′)fΦ, m5 = Y`,u,d
vB fΦ√
2Λ
, m6 = ξ
v2B fΦ
2Λ2
, (3.7)
respectively, where λ(
′), Y`,u,d, and ξ denote the various dimensionless couplings and Wilson
coefficients. It is important to understand how large the new twin fermion masses can be.
As a rough estimate, we maximize the coupling or Wilson coefficient, lower the UV scale
Λ to the scalar sector cutoff, and take fΦ to be order Λ. For instance, taking maximum
values of the couplings λ(
′) = Y`,u,d = ξ < 0.2 (so as not to introduce naturalness issues
beyond those arising from top quark Yukawa and gauge couplings), fΦ . 5 TeV, Λ & 5
1The Weinberg-like sector mixing operator (LAHA)(LBHB) is also allowed by the Z2 (see [23] for possible
origins) and may lead to interesting neutrino signatures as well as cosmological benefits [47].
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TeV, and vB = 6vA (larger vB corresponds to tuning considerably worse than 10% in the
Higgs sector), we find upper bounds m4 . 1 TeV, m5 . 200 GeV and m6 . 40 GeV.
We next consider mass terms from operators involving more than one ΦB. In the Y = 1
case, the following operators containing two ΦB fields are allowed by the symmetries
−LY=1 ⊃ κ
Λ
(Φ−B)
2 ¯`
B
¯`
B +
ζ
Λ3
(Φ+B)
2(LBH
†
B)(LBH
†
B) + h.c.
⊃ κ f
2
Φ
Λ
¯`
B
¯`
B +
ζ v2B f
2
Φ
2Λ3
`B`B + h.c. (3.8)
These dimension five and seven operators generate Majorana masses for the twin charged
leptons of size
m′5 = κ
f2Φ
Λ
, m7 = ζ
v2B f
2
Φ
2Λ3
, (3.9)
respectively. We estimate the maximum sizes of these mass terms to be m′5 . 1 TeV and
m7 . 40 GeV under the same assumptions used in the previous paragraph. We note that
for the Y = 1 model the terms in Eqs. (3.4), (3.5), and (3.8) generate all possible twin
fermion masses consistent with the unbroken twin SU(3)c symmetry.
Another way to distort the twin spectrum is to couple the singlet operator |ΦB|2 to
the twin Yukawa operators. After spontaneous symmetry breaking these generate effective
twin Yukawa couplings beyond those of the visible sector. For instance, in the case of the
twin charged leptons we have
−L ⊃ c`
Λ2
|ΦB|2LBH†B ¯`B + h.c. ⊃
c` vB f
2
Φ√
2Λ2
`B ¯`B + h.c. . (3.10)
Therefore, the effective Yukawa coupling for the twin lepton includes the contributions
from Eq. (3.4) and Eq. (3.10), and is given by yB` = y` + δy
B
` , where we have defined
δyB` =
c`f
2
Φ
Λ2
. (3.11)
The contribution to the effective Yukawa from Eq. (3.11) can in principle be significantly
larger than the bare Yukawa, particularly for lighter fermion flavors.
However, a very large shift to the twin Yukawa, Eq. (3.11), leads to a naturalness
problem with the Yukawa couplings in the visible sector. To see this, we first note that
due to the Z2 symmetry there is a term analogous to Eq. (3.10) containing only A sector
fields. This term and the portal coupling in the scalar potential, λΦ|ΦA|2|ΦB|2 (see Eq. 2.8)
generically produce the term
−L ⊃ c˜`
Λ2
|ΦB|2LAH†A ¯`A + h.c. ⊃
c˜` vA f
2
Φ√
2Λ2
`A ¯`A + h.c. (3.12)
where the Wilson coefficient should be at least as large as the one loop radiative contribution
of order c˜` ∼ c`λΦ/8pi2. From Eq. (3.12) we obtain the minimum shift in the A sector
Yukawa coupling,
δyA` =
c˜` f
2
Φ
Λ2
& λΦ
8pi2
δyB` , (3.13)
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where in the second step we have used Eq. (3.11). Demanding that the visible sector
Yukawa couplings are not tuned, δyA` < y`, we find the criterion,
δyB` .
8pi2
λΦ
y`. (3.14)
Thus, for O(1) values of λΦ we expect the effective twin sector Yukawa couplings are no
more than a factor of 10–100 larger than those in the visible sector. Nevertheless, couplings
such as those in Eq. (3.10) provide an interesting way to raise twin fermion masses by an
order of magnitude or more, which may have important implications for phenomenology
and cosmology. Furthermore, these couplings can be present for any ΦB charges. This
analysis carries over to the quark Yukawa couplings and the Weinberg operator for neutrino
masses. Concerning the latter, while operators such as |ΦB|2(LBHB)2 can lead to new mass
terms for the twin neutrino these cannot be significantly larger than the ordinary neutrino
masses without introducing some tuning.
3.3 Twin confinement
In the MTH model, the twin SU(3)c gauge symmetry confines at a scale about a factor
of ϑ−2/9 larger than in the visible sector [53], so ΛQCD,B & ΛQCD,A. In our scenario,
however, ΛQCD,B can be substantially higher than ΛQCD,A, perhaps by as much as an order
of magnitude. Two effects contribute to this increase in the confinement scale. First, as
shown above, the twin quarks can acquire new masses from terms like Eq. (3.5). When
these states are raised well above the GeV scale, the twin QCD coupling runs faster and
confinement happen at higher scale.
Another effect concerns the possible UV matching condition of the strong gauge cou-
plings in each sector. For instance, the UV physics may induce operators of the form
L ⊃ cG
Λ2
|ΦA|2GAµνGµνA +
cG
Λ2
|ΦB|2GBµνGµνB . (3.15)
After ΦB condenses and the twin gluon kinetic term is canonically normalized, we find the
strong gauge couplings in each sector differ by
αBs − αAs
αAs
' 4cGf
2
Φ
Λ2
(3.16)
As discussed in Ref. [53], O(10%) shifts in αs at the UV cutoff can result in ΛQCD,B being
larger than ΛQCD,A by a factor of a few. While a shift of this size may be difficult to obtain
in perturbative completions of Eq. (3.15), it could plausibly arise from a strongly coupled
UV theory. Clearly, modifying the quark masses and the confinement scale can have
important implications for the hadronic spectrum in the twin sector as well as cosmology.
We return to this discussion with some outlook in Sec. 6.
3.4 Summary
We have shown that after spontaneous twin hypercharge and Z2 breaking the interactions
in Eqs. (3.5), (3.6), (3.8), (3.10), and (3.15) can dramatically distort the twin matter spec-
trum relative to the mirror symmetric expectation. The Z2 related couplings in Eqs. (3.1)
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and (3.2) allow φA to decay, evading any dangerous constraints from cosmology on sta-
ble electrically charged particles. We now turn discuss the indirect constraints on these
couplings, which in turn shape the allowed form of the twin particle spectrum.
4 Indirect Constraints
As detailed in the previous section, it is possible to qualitatively alter the dynamics of the
twin matter sector, both in the relation between the interaction and mass eigenstates as
well as the size of the masses. However, due to the Z2 symmetry there is an interesting
interplay between the twin fermion spectrum and precision measurements in the visible
sector. While the φB couplings in the mirror sector generate twin fermion mass terms,
the analogous φA couplings in the visible sector lead to a host of precision observables.
Constraints from the latter thus limit the maximum sizes, and flavor structure, of the twin
fermion masses. While an exhaustive study of these constraints is left to future work, in
this section we highlight some of the most sensitive probes.
4.1 Fermi constant
If the Φ+A LA LA coupling in Eq. (3.1) is nonzero (specifically the coupling λ12), the hyper-
charge scalar contributes to the tree level muon decay µ− → e−νµν¯e. This modifies the
relationship between the Fermi constant, Gµ, determined from the precise measurements of
the muon lifetime, and GF obtained from precision electroweak measurements. Integrating
out the W boson and the hypercharge scalar to obtain the effective four fermion interaction
that describes muon decay, we obtain the relation
Gµ = GF +
|λ12|2
4
√
2m2φ
. (4.1)
The muon lifetime measurement leads to the determination Gµ = (1.1663787±0.0000006)×
10−5 GeV−2 [67]. Following Ref. [68] we define the precision observable GF by
GF =
piα√
2(1−m2W /m2Z)m2W (1−∆r)
. (4.2)
Using α = 1/137.036 (negligible error), mW = 80.379± 0.012 GeV, mZ = 91.1876± 0.0021
GeV, and 1 − ∆r = 0.9633 ± 0.0002 [69], we obtain GF = (1.1680 ± 0.0009) × 10−5
GeV−2. There is a mild ∼ 1.8σ discrepancy already between Gµ and GF , which the
hypercharge scalar worsens. Therefore, to place a conservative 2σ C.L. limit we demand
that the correction from the hypercharge scalar in Eq. (4.1) is smaller than twice the GF
uncertainty, i.e.
|λ12|2
4
√
2m2φ
< 2× (0.0009× 10−5 GeV−2). (4.3)
Taking mφ = 300 GeV, we find this places a limit |λ12| . 0.1 on the coupling constant.
While we have focussed on the decay of the muon decay here, the interactions in
Eq. (3.1) also predict corrections to other flavor-conserving processes. These include τ
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Figure 1: One- and two-loop contributions to neutrino masses.
and meson decays, as well as radiative contributions to electric and magnetic dipole mo-
ments (see e.g., [70]). The doubly charged scalar interactions with electrons in Eq. (3.2)
may also show up in, e.g., parity-violating Moeller scattering; see Ref. [71] for a recent
study. We now turn to flavor violating processes.
4.2 Lepton Number Violation and Neutrino Masses
Next, we consider lepton number violation and radiative contributions to neutrino masses.
While any individual interaction in Eqs. (3.1) or (3.2) does not by itself break lepton
number, the presence of two or more of such couplings can collectively break the symmetry
by two units. Here we estimate the size of the neutrino masses generated by pairs of such
couplings.
The bottom left diagram of Fig. 1 shows the one-loop contribution to SM neutrino
masses generated by the λ and Y` couplings. We estimate the mass as
mν ∼ λY`m` vA
16
√
2pi2 Λ
ln
Λ
mφ
≈ 0.1 eV
(
λY`
10−7
)(
5 TeV
Λ
)
, (4.4)
where we have assumed mφ = 300 GeV and used the τ mass for m` to obtain the most
restrictive bound. The current cosmological bounds on the sum of neutrino masses is about
0.1 eV [72, 73], so we see that λY` . 10−7. The remaining interactions require two-loop
process to generate neutrino masses. The top of Fig. 1 shows the leading process involving
the κ interaction given in Eq. (3.8). The generated mass is
mν ∼ λ
2 κm2`
(16pi2)2 Λ
(
ln
Λ
mφ
)2
≈ 0.1 eV
(
λ2 κ
5× 10−4
)2(
5 TeV
Λ
)
, (4.5)
where we again take mφ = 300 GeV and m` = mτ . The bounds on λ and κ are rather
weak in compared to those coming from the one-loop contribution in Eq. (4.4). We find it
quite interesting that this process with couplings in the range of ∼ 0.01–1 automatically
generates neutrino masses of the correct size.
Interactions involving quarks can also lead to neutrino masses at two loops, as shown
in the bottom right of Fig. 1. We estimate the size of the neutrino masses in this case to
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Figure 2: Leading one- and two-loop contributions to µ→ eγ. In the two-loop figure the
external photon can be connected to any charged line in the loops, and f refers to either
up-type quarks, down-type quarks, or leptons.
be
mν ∼ g
2 λYu vAmu
2
√
2(16pi2)2 Λ
(
ln
Λ
mφ
)2
≈ 0.1 eV
(
λYu
3× 10−7
)(
mq
mt
)(
5 TeV
Λ
)
, (4.6)
mν ∼ g
2 λYd vAmd
2
√
2(16pi2)2 Λ
(
ln
Λ
mφ
)2
≈ 0.1 eV
(
λYd
10−5
)(
mq
mb
)(
5 TeV
Λ
)
. (4.7)
Thus we see that neutrino mass constraints give some of the tightest bounds on Yu and Yd
if λ is not very small.
4.3 Lepton flavor violation
The couplings of the hypercharge scalar can lead to processes that violate lepton flavor.
These include decays such as µ→ eγ, τ → µγ, µ→ 3e, etc, as well as µ→ e conversion in
nuclei. Here we focus on one such process, the decay µ → eγ. The MEG experiment has
placed a 90% CL upper bound on the branching ratio, Br(µ→ eγ)MEG < 4.2× 10−13 [74].
In our model the decay is induced at one loop if both λ13 and λ23 in Eq. (3.1) are nonzero,
as shown in Fig. 2. The branching ratio is found to be
Br(µ→ eγ) = τµ
α |λ∗13 λ23|2|m5µ
214 32 pi4m4φ
' 4.2× 10−13
(
300 GeV
mφ
)4(√|λ∗13 λ23|
0.02
)4
, (4.8)
where τµ ' 2.2 × 10−6 s is the muon lifetime. Thus, for mφ near the weak scale, the
couplings are bounded to be smaller than about 0.02 if they have similar sizes. A nearly
identical analysis constrains the cAB coupling in Eq. (3.3). In this case the right-handed
twin lepton plays the role of the neutrino and λ→ cABfΦ/Λ.
With nonzero Yu, Yd, or Y` in Eq. (3.1), there are also two-loop contributions that can
be large due to larger fermion masses, as shown on the right side of Fig. 2. We estimate
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the contributions from the up- and down-type quarks as well as lepton interactions as
up-type quark ∼g
2
2
λ12
(16pi2)2
vA√
2Λ
Yumte
m2φ
ln
Λ
mφ
, (4.9)
down-type quark ∼g
2
2
λ12
(16pi2)2
vA√
2Λ
Ydmbe
m2φ
ln
Λ
mφ
, (4.10)
lepton ∼g
2
2
λ12
(16pi2)2
vA√
2Λ
Y`mτe
m2φ
ln
Λ
mφ
. (4.11)
These contributions are comparable in size to the one-loop contribution only when mq =
mt. Even in this case, a coupling λ12Yu of order one only makes the two loop contribution
competitive with the one loop result.
4.4 Quark Flavor Violation
The hypercharge scalar’s couplings to SM quarks in Eq. (3.1) can lead to new quark BSM
flavor transitions. These include charge current processes (e.g., pi → `ν, K → `ν, etc.) due
to tree level exchange of φA, as well as radiative flavor-changing-neutral-current (FCNC)
processes. The latter include CP conserving and CP violating observables in ∆F = 2
transitions in the neutral K,D,B mesons systems, as well as ∆F = 1 transitions, e.g.
B → Xsγ and K → piνν¯.
As an illustration, consider the contribution to K − K¯ mixing that arises from the
dimension five couplings of the hypercharge scalar to quarks in Eq. (3.1). The bounds on
the new physics scale suppressing the (s¯d)2 operators are typically of order 105 TeV [75].
The leading diagrams involve exchange of one φA and one W boson (or charged Goldstone)
and involve two powers of the new physics coupling. By integrating out the heavy degrees
of freedom we arrive at the effective Lagrangian describing K − K¯ mixing.
First, in the case of nonzero Yu, we obtain
L ⊃ CsdV,LL (s¯ γµPL d) (s¯ γµPL d) + h.c. . (4.12)
The Wilson coefficient in this case is finite and can be written in full generality in terms
of Inami-Lim type functions. Here we quote the result in the limit of anarchic couplings
(i.e., all elements of Yu having similar sizes), and mφ  mt:
CsdV,LL '
m2t
128pi2m2φΛ
2
(
log
[
m2φ
m2t
]
− 1
)
VtdV
∗
ts(Yu)31(Y
∗
u )23
≈
(
1
105 TeV
)2(5 TeV
Λ
)2(TeV
mφ
)2((Yu)31(Y ∗u )23
0.1
)
(4.13)
Thus, K − K¯ mixing imposes only mild constraints on Yu couplings.
Next, for nonzero Yd we obtain the effective Lagrangian
L ⊃ CsdS,LR (s¯ PL d) (s¯ PR d) + h.c. . (4.14)
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In this case the Wilson coefficient is logarithmically divergent. Assuming anarchic Yd
couplings and mφ  mt we find
CsdS,LR =
1
8pi2Λ2
log
(
Λ
mφ
)
V ∗csVud(Yd)21(Y
∗
d )12
≈
(
1
105 TeV
)2(5 TeV
Λ
)2((Yd)31(Y ∗d )23
10−7
)
(4.15)
Thus, K − K¯ mixing imposes significant constraints on anarchic Yd couplings.
4.5 Discussion
As we have seen, there is a broad array of precision measurements that constrain the cou-
plings of the hypercharge scalar to matter. Because of the Z2 symmetry, these constraints
also place upper bounds on the size or structure of the new twin fermion mass terms. While
some of the constraints appear to be quite strong, we note that they depend in a detailed
way on the flavor structure of the couplings. Furthermore, some observables depend on the
fermion Yukawa couplings, in which case the corresponding constraints on the hypercharge
scalar interactions with first and second generation fermions are weaker. Consequently, it
seems easier to lift the first and second generation fermions, which is the more interesting
possibility in any case. We have surveyed only a handful of the various observables, and
much work remains to full characterize the existing constraints, the allowed patterns of
couplings, and in turn the patterns of the twin fermion mass spectrum that are allowed.
5 Collider Phenomenology
5.1 Hypercharge scalar at the LHC
One of the main predictions of our scenario is the existence of a hypercharge scalar φA. If
kinematically accessible, this state can be pair produced at the LHC or future e+e− and
hadron colliders. We reiterate that φA can be naturally light in our scenario, with mass
around the weak scale, as it enjoys the same twin protection mechanism utilized for the
Higgs.
Here we focus on the sensitivity of the LHC to hypercharge scalars. At leading order
the hypercharge scalars are pair produced via qq¯ → φAφ∗A through s-channel photon and Z
boson exchange. For Y = 1, the quantum numbers of φA are identical to those of the right-
handed slepton in the MSSM. In this case we use the results of Ref. [76] for the right-handed
slepton pair production cross section, evaluated at next-to-leading-logarithmic accuracy. At√
s = 13 TeV the cross section is approximately 100 fb for mφ = 100 GeV and drops to
about 0.2 fb for mφ = 500 GeV. The production cross section for scalars with other values
of Y can be obtained by rescaling the results of Ref. [76] by a factor of Y 2.
There are a variety of possible φA signatures, depending on its decay channels and
branching ratios. We now survey some of these possibilities.
• Opposite sign dileptons plus missing transverse momentum Hypercharge scalars with
Y = 1 can decay via φ+A → `+ν¯ if the λ coupling in Eq. (3.1) is nonzero. Similarly,
– 16 –
if the sector mixing operator in Eq. (3.3) is nonzero we have the decay φ+A → `+A`+B.
If the `B decay length is long enough, then in both of these cases, the signature
resulting from pair producing the hypercharge scalars, pp→ φ+Aφ−A → (`+ν¯)(`−ν) or
→ (`+A`+B)(`−A`−B), is two opposite sign dileptons plus missing transverse momentum.
The former is signature identical to that which is predicted for right handed slepton
pair production in the MSSM, when the slepton decays to a lepton and a massless
neutralino LSP.
A CMS search based on 35.9 fb−1 at
√
s = 13 TeV excludes at 95% C.L. slepton
masses between about 110 and 250 GeV for electron final states, and below about
220 GeV for muon final states, assuming a branching ratio of unity to the final state
under consideration [77]. Similar searches have been carried out by ATLAS [78].
These limits can be applied without ambiguity to our scenario. Employing a simple
estimate of the reach based on scaling of parton luminosities, we find that the high
luminosity LHC (HL-LHC) with a 3000 fb−1 dataset will eventually be able to probe
masses in the range of 500–600 GeV for these channels. Considering τ final states,
we note that the LHC is not yet able to constrain right handed staus [79]. However,
an ATLAS study suggests that masses between about 200–400 GeV will eventually
be tested at the HL-LHC [80].
• Paired same sign dilepton resonances Hypercharge scalars with Y = 2 can decay
via φ++A → `+`+ if the λ′ coupling in Eq. (3.2) is present. Pair production of these
scalars then leads to the striking signature of two same sign dilepton resonances, i.e.
pp→ φ++A φ−−A → (`+`+)(`−`−). This signature is similar to the one arising in models
with doubly-charged Higgs bosons. A 13 TeV ATLAS study using 36.1 fb−1 of data
has searched for this signature in final states with electrons and muons. Their results
exclude scalars below about 750 GeV for eµ resonances with slightly weaker limits
for ee, µµ resonances. A CMS study using a slightly smaller data sample of 12.9 fb−1
at 13 TeV [81] also includes τ final states. For eτ and µτ resonances, this search is
able to probe scalar masses up to about 450 GeV, while for ττ resonances the current
limit is about 300 GeV. Ultimately we expect the HL-LHC to be able to probe scalar
masses of order 2 TeV for resonances involving muons, while for ττ resonances the
mass reach should approach roughly 1 TeV.
• Paired dijet resonances Hypercharge scalars with Y = 1 can also decay to pairs
of quarks, φ+A → ud¯, through the Yu,d couplings in Eq. (3.1), leading to paired dijet
resonances. So far, searches for signature of this kind have targeted strongly produced
particles (e.g. RPV stops [82]). Indeed, particles produced through electroweak
interactions that decay to hadronic final states are extremely challenging to probe at
the LHC due to their low production rate and large QCD backgrounds. For instance,
considering 100 GeV scalars decaying to light flavor dijets, an ATLAS search places
an upper limit on the pair production cross section of about 600 pb [82]. This is
more than three orders of magnitude larger than the production cross section of
hypercharge scalars of the same mass. It seems likely that the LHC has a blind spot
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to this case. On the other hand, a future high energy e+e− machine would likely be
able to probe such scalars without difficulty up to the kinematic limit of the machine.
• Non-prompt signatures Finally, we briefly comment on some of the possible signatures
that arise when the hypercharge scalar has a macroscopic lifetime on the scale of the
LHC detectors. Such signals result from couplings to matter in Eqs. (3.1) and (3.2)
that are very small or absent. There are a variety of possible non-prompt signatures,
including heavy stable charged particles, displaced lepton pairs, displaced vertices
with multiple tracks, kinked tracks, among others. We refer the reader to the recent
review article [83] and [84] for a comprehensive discussion.
The sector mixing operator in Eq. (3.3) can also lead to an interesting, and more
novel, displaced signal. As mentioned above this operator allows for the process
pp → φ+Aφ−A → (`+A`+B)(`−A`−B). At the same time the same operator allows the `B to
decay through an off-shell φA back into a pair of leptons and a neutrino. Thus, the
signal of this process is a prompt pair of leptons, followed by one or more displaced
leptons plus missing energy. In order to determine the parameter ranges such a signal
corresponds to we must determine the decay length of the twin lepton. To leading
order in mA/mB we find
Γ(`B → `A`AνA) ' c
2
ABλ
2f2Φm
5
B
3pi3212m4φΛ
2
. (5.1)
Indirect constraints do limit some of these interactions, for instance Eq. (3.3) can
mediate µ → eγ decays at one-loop, similar to the left-side of Fig. 2. The flavor
diagonal couplings, however, can still be quite large. If we take the twin leptons to
have masses of a few GeV then we find decay lengths of about
Γ−1`B ∼ 50 m
( mφ
300 GeV
)4(5 GeV
mB
)5(0.02
λ
)2( 0.1
cABfΦ/Λ
)2
. (5.2)
Note that for smaller lepton masses the decay length quickly becomes very large.
While the discussion above has focused on pair production, we also note that there
is the possibility of resonant production of a single hypercharge scalar, ud¯ → φ+A. This
requires the couplings Yu,d to be sizable in order to have a significant production rate.
Possible signatures in this case include a dijet resonance, mono-lepton, and various non-
prompt signals.
5.2 Higgs Physics
The twin Higgs scenario, like other pNGB Higgs models, predicts tree-level deviations from
the SM Higgs couplings. The reduction in couplings by cosϑ in both the mirror [33] and
fraternal [13, 40] limits can be discovered at hadron colliders, but may require a precision
lepton machine for definitive results. The usual reductions are augmented in our scenario
due to the mixing of the Higgs and radial mode of the mirror hypercharge scalar, denoted
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here as ρ. As detailed in the Appendix, to leading order in m2h/m
2
ρ, where mρ is the mass
of the radial mode, we find the mixing angle α satisfies
sin 2α = 2
√
2
vEWm
2
h cot 2ϑ
fΦm2ρ sinϑ
+O
(
m4h
m4ρ
)
. (5.3)
Then, any coupling of ΦB to twin particles ψB leads to
ΦBψBψB → fΦ
(
1 +
1√
2fΦ
sinαh
)
ψBψB. (5.4)
This increases the coupling of the Higgs to twin states. In some limits there can be large
couplings of the Higgs to twin leptons, which significantly increase its invisible width. How-
ever, the bounds on these couplings are driven by the usual reduction in Higgs couplings to
SM states. Nevertheless, a precision e+e− machine could measure both the Higgs coupling
deviations in the SM and the Higgs invisible width, which would provide a check on these
additional couplings due to the Φ radial mode.
From the scalar potential in Eq. (2.12), we obtain a coupling of the hypercharge scalar
to the Higgs, L ⊃ −AhφAφ∗AhφAφ∗A, where
AhφAφ∗A = −
m2hvEW
f2Φ
cot 2ϑ
sinϑ
. (5.5)
This coupling provides a new contribution to h → γγ decays. Includng the overall cosϑ
suppression in the tree level coumpling, the ratio of the partial decay width to the SM
prediction is
Γh→γγ
ΓSMh→γγ
=
∣∣∣∣ cosϑ− Y 2AhφAφ∗A vEW A0(m2h/4m2φ)2m2φASMγγ
∣∣∣∣2, (5.6)
where A0(τ) = τ
−2 (arcsin2
√
τ − τ) and ASMγγ ≈ 6.5. Since current LHC measurements
of the hγγ coupling have a precision σκγ ∼ 10% [85], we place a weak bound on fΦ as a
function of ϑ and mφ:
fΦ &
1√
2σκγ
Y
12ASMγγ
mhv
mφ
1
sinϑ
' 200 GeV × Y
(
0.2
2σκγ
)1/2(mh
mφ
)(
1/3
sinϑ
)
, (5.7)
where we have used Eqs. (5.5) and (5.6) and taken the limit mφ  mh/2 in the loop
function. As the precision of Higgs coupling measurements improves, the vacuum angle ϑ
may be constrained to be smaller, which tends to enhance the hφAφA coupling in Eq. (5.5).
Simultaneously, more precise measurements of the hγγ coupling will lead to tighter con-
straints on fΦ provided mφ is relatively light, see Eq. (5.7). For instance, if O(1%) precision
is achieved at a future 500 GeV ILC program [86], then we find sinϑ & 1/5 and fΦ & 1 TeV
for mφ ∼ O(mh) and Y = 1. Therefore, hγγ provides a complementary probe of a light
hypercharge scalar in our scenario which, in contrast to direct searches, is independent of
the decay modes of φA.
When the twin quark spectrum is raised above the twin confining scale, the Higgs can
acquire exotic displaced decays through twin glueballs and mesons[13, 34, 35]. In addition
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to these results, the coupling in Eq. (3.3), which couples the visible and twin leptons, can
lead to exotic displaced decays of the Higgs. The process is h→ `B`B followed by the decay
of the twin leptons into a pair of SM leptons and a SM neutrino through an off-shell φA.
As shown in Eq. (5.2), these three body decays can be quite long. But for some regions
of parameter space, with heavier twin leptons, the exotic displaced lepton decays could
provide a striking signal at the LHC and future colliders.
5.3 Kinetic Mixing
The bounds on millicharged particles limit the amount kinetic mixing the visible photon
can have with another massless U(1) gauge field. In the MTH model the twin electrons are
MeV scale, so the kinetic mixing must be . 10−9 [57, 58]. Such mixing is not generated
until at least the four-loop level in the low energy theory [1], but much larger mixing can
occur, depending on the particle spectrum above the cutoff.
When the twin hypercharge is broken the bounds on kinetic mixing are greatly relaxed,
and the dominant constraints come from colliders. When the SM and twin hypercharge
bosons are kinetically mixed and twin hypercharge is broken, the twin fermions all acquire
couplings to the visible sector Z boson. At the same time the two massive neutral vector
bosons in the twin sector become coupled to the SM fermions. Consequently, the twin
vectors can be resonantly produced at colliders, and decay visibly. In particular, di-lepton
final states at hadron machines provide the cleanest and hence most powerful probe.
As shown in [87] current collider constraints allow kinetic mixing ∼ 0.1. Such large
mixing can lead to interesting collider signals at the HL-LHC and future machines. Fur-
thermore, it may play a cosmological role by keeping the sectors in thermal contact longer
after reheating. This mixing may also be used to determine if newly discovered states are
part of a twin framework, connecting the newly discovered particles to Higgs naturalness.
6 Outlook
As we have seen, the seemingly minor extension of the MTH model by a hyperchaged
scalar leads to an abundance of new physics opportunities. We now briefly discuss several
remaining open questions and promising future research directions.
6.1 Cosmology and Dark matter
As increasingly precise observations are made, the ΛCDM cosmology is becoming well
established. In particular, measurements on the number of relativistic degrees of freedom,
Neff, constrains the particle content, or thermal history, of any hidden sector. The minimal
mirror symmetric Twin Higgs model predicts ∼ 5 additional relativistic degrees of freedom,
which is inconsistent with a standard thermal history; see Refs. [18, 44, 45, 47, 51, 53] and
for discussion and proposed solutions.
While a detailed investigation goes beyond the scope of this work, our construction
seems to have the ingredients needed for a successful thermal cosmology. Since twin hy-
percharge is spontaneously broken, there is the possibility of lifting most of the would-be
light states (twin photon, twin neutrinos, light generations of twin quarks and charged
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leptons) to mass scales of order GeV or higher, as discussed in detail in Secs. 2 and 3. It is
also possible that the twin confinement scale is a factor of a few to ten larger than ΛQCD.
Furthermore, new interactions (from the hypercharge scalars or through hypercharge gauge
kinetic mixing for instance) have the potential to maintain equilibrium between the visible
and twin sectors to a later epoch than the one predicted by the Higgs portal interaction.
Putting everything together, it is possible to sketch a scenario which reduces ∆Neff below
the latest Planck measurements [88], along the lines of a fraternal twin Higgs scenario. At
the same time, as twin baryon number is a good symmetry, the semi-fraternal twin sector
can also provide an asymmetric dark matter candidate [52, 53, 56].
However, Secs 3 and 4 show that the new twin fermion mass terms are related by the
discrete Z2 symmetry to couplings of φA to SM fermions. Thus, the precision constraints
on the visible sector couplings, from neutrino masses and flavor for example, limit the size
and flavor structure of the twin masses. Thus, before one can make a definitive statement
regarding the cosmological scenario outlined above, a comprehensive study of the precisions
constraints must be carried out.
6.2 Neutrino masses
Our construction reveals several potential mechanisms for generating light SM neutrinos
masses. As discussed already in Sec. 4.2, the most general set of couplings of the hy-
percharge scalar to matter generically break lepton number by two units, leading to the
radiative generation of neutrino masses at one or two loops. It is intriguing to imagine
that such couplings are the sole source of neutrinos masses and mixings, and it would be
interesting to investigate in detail whether one could fit the oscillation data while being
consistent with other constraints, such as lepton flavor violation. In a related direction,
Sec. 3 showed that the new scalar may have hypercharge Y = 1 or Y = 2. If both fields
are present, then the scenario resembles the well-known Zee-Babu model in which neutrino
masses are generated at two loops [89, 90].
Finally, since the mirror sector contains particles that are neutral under the SM gauge
symmetries, there is the possibility of marrying these states with the SM neutrinos to
generate neutrino masses. One obvious option is to marry the twin neutrinos with the
SM neutrinos via a mixed Weinberg operator (LAHA)(LBHB), which has been explored
on several occasions [15, 23, 47]. In our scenario, since twin hypercharge (as well as twin
SU(2)L) are spontaneously broken, it also possible to marry the twin charged leptons with
the SM neutrinos. For instance, we can consider operators such as (LAHA)(Φ
−
B e¯B)→ νAe¯B.
Such an operator, along with the Z2 related operator, may lead to new experimental
observables.
6.3 UV completions
In our bottom up construction the hypercharge scalars are introduced by hand, but may
naturally be present in UV completions of the Twin Higgs. Perhaps the most attractive
candidate for the Y = 1 hypercharge scalar is a right-handed slepton in a supersymmetric
UV completion [20, 21, 24, 25, 27, 31]. In composite Higgs completions, one can extend
the constructions in Refs. [28–30] by assuming strong dynamics spontaneously breaks twin
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hypercharge and produces a pNGB hypercharge scalar in our sector. We expect there are
a variety of cosets which can furnish the required symmetry breaking pattern.
6.4 Breaking other twin gauge symmetries
In this work we have considered only the spontaneous breaking of twin hypercharge. It
would also be interesting to consider the spontaneous breaking of the twin SU(3)c color
gauge symmetry, which has several potentially novel implications. First, there are addi-
tional possibilities for twin fermion mass terms, which marry various pairs of twin quarks
and leptons. If an unbroken twin SU(2)c subgroup remains, confinement still takes place
in the twin sector, although at a much lower scale due the smaller beta function. Al-
ternatively, if the twin color symmetry is completely broken, twin quarks do not confine.
Furthermore, by completely breaking the color symmetry one can also attempt to build
dynamical models of top partners as dark matter [5] or heavy right handed neutrinos [7].
At the LHC, one expects additional colored scalar states in the visible sector, which in
complete analogy to the hypercharge scalar considered in this work, can be naturally light
due to is pNGB nature and a twin protection mechanism. Finally, one could consider addi-
tional states that break twin electroweak and hypercharge symmetries, such as electroweak
triplets and/or additional electroweak doublets. We hope to explore these issues in future
work.
6.5 Summary
We have explored a Twin Higgs construction in which mirror hypercharge and Z2 are spon-
taneously broken. The model predicts a new hypercharge scalar field in the visible sector,
which can be naturally light and within reach of the LHC. Perhaps the most novel aspect of
the construction follows from couplings of the hypercharge scalar fields to matter. Through
these couplings, twin fermions acquire new dynamical mass terms upon spontaneous sym-
metry breaking, potentially realizing a fraternal-like scenario with a distorted twin matter
spectrum. Due to the Z2 symmetry, analogous couplings of the hypercharge scalar in the
visible sector imply a broad range of phenomena that can be probed through precision
measurements, leading to a novel interplay between the twin spectrum and visible sector
observables.
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A The Φ Radial Mode
In this section we include the effects of the radial mode ρ of Φ in the scalar potential
obtained from Eq. (2.8). In this parameterization we write
Φ =

φA√|φA|2
(
fΦ +
1√
2
ρ
)
sin
(√|φA|2
fΦ
)
(
fΦ +
1√
2
ρ
)
cos
(√|φA|2
fΦ
)
 . (A.1)
The full potential (dropping constant terms) then becomes
V =
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2
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√
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√
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√|φA|2
fΦ
)]
+ δHΦf
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f2Φ +
√
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. (A.2)
The vacuum conditions lead to
M2Φ = f
2
H [λHΦ + δHΦ cos(2ϑ)] + 2f
2
Φ(λΦ + δΦ), (A.3)
f2HδH cos(2ϑ) + f
2
ΦδHΦ = 0, (A.4)
where ϑ = vH/(fH
√
2). The last clearly shows that δHΦ < 0 when δH < 0. We also find
the mass term
m2φ = 2f
2
Φ
(
−δΦ + δ
2
HΦ
δH
)
= 2f2H cos 2ϑ
(
δHδΦ
δHΦ
− δHΦ
)
, (A.5)
just as in Sec. 2.2. However, there is also mass mixing between the Higgs and the radial
mode. The squared mass matrix is(
4f2Φ(λΦ + δΦ) −2fHfΦδHΦ sin(2ϑ)
−2fHfΦδHΦ sin(2ϑ) −2f2ΦδHΦ sin(2ϑ) tan(2ϑ)
)
, (A.6)
which has the eigen values,
m2ρ,h =f
2
Φ
{
2(λΦ + δΦ)− δHΦ sin(2ϑ) tan(2ϑ)
±
√
[2(λΦ + δΦ) + δHΦ sin(2ϑ) tan(2ϑ)]
2 + 8δ2HΦ
v2EW
f2Φ
cos2 ϑ
}
. (A.7)
From these we find
δHΦ =
√
(m2Φ −m2h)2 − 4
m2Φm
2
hf
2
H
f2Φ tan
2 2ϑ
−m2ρ −m2h
4 cos 2ϑ(f2Φ tan
2 2ϑ+ f2H)
. (A.8)
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Figure 3: Left: Plot of the ratio of Higgs production to SM final states in the twin Higgs
including ρ for mρ = fΦ. The ΦA couplings to SM fields have been set to zero. Right: Plot
of the ratio of Higgs production to SM final states equal to 0.8 in the twin Higgs including
ρ for mρ = fΦ for several values of λ
′.
Clearly, to keep this coupling real we require
m2ρ −m2h >
√
2
mρmhvEW
fΦ tan 2ϑ sinϑ
, (A.9)
which places a constraint on the fΦ parameter space.
The mixing angle between the Higgs and ρ is defined by
sin 2α =
4fHfΦδHΦ sin 2ϑ
m2ρ −m2h
(A.10)
=
√
2vEWfΦ sinϑ tan 2ϑ
v2EW + 2f
2
Φ tan
2 2ϑ sin2 ϑ
[√
1− 2m
2
ρm
2
hv
2
EW
(m2ρ −m2h)2f2Φ tan2 2ϑ sin2 ϑ
− m
2
ρ +m
2
h
m2ρ −m2h
]
.
The couplings of the Higgs to SM fields are then reduced, beyond the usual twin Higgs
reduction, by cosα. These coupling reductions affect Higgs rates at the LHC, however,
they are subdominant to the usual coupling reduction except near the boundary or allowed
parameter space defined by Eq. (A.9). In the left panel of Fig. 3 we plot contours of the
ratio of these Higgs rates to the SM for mρ = fΦ. The reduction mostly depends only on
mT , except close to the excluded region. This shows us that the usual twin Higgs coupling
reduction is typically dominant, and only near the region of exclusion is the mixing angle
large enough to significantly reduce Higgs rates. Current LHC measurements have probed
these rates to 20%, which corresponds to the 0.8 contour. The high luminosity upgrade is
projected to measure to 10% precision.
So far, we have neglected the coupling of ρ to SM and twin states. The renormalizable
interactions with leptons in Eqs. (3.5) and (3.6) proved the dominant new Higgs decay
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channels to the twin sector. Taking the Y = 2 case as an example, we find
Γ(h→ `B`B) = 3mh
16pi
λ′2 sin2 α
(
1− 4m
2
`
m2h
)3/2
, (A.11)
where the lepton mass is given by m` = λ
′fΦ and factor of 3 comes from the number of
generations. Clearly, for the Higgs to decay into these particles we need λ′ < mh/(2fΦ).
With this restriction, there is only a small region of parameter space where the masses are
light enough for Higgs decays and the couplings are large enough for measurable changes
to the Higgs invisible width or the rates into SM states. We see from the right plot in
Fig. 3 that if λ′ = 0.2 the lepton masses are too large for the Higgs to have appreciable
width into them, and by the time λ′ = 0.01 the width has again become small. Only at
the intermediate values of λ′ are there significant deviations, and hence constraints on fΦ.
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